dense populations of detritivorous invertebrates. However, tropical streams in different parts of the world show substantial variability in the number and diversity of leaf-shredding detritivores (hereafter detritivores). We used data obtained with standardized methods from multiple streams in Africa, the Americas, Asia, and Australia to test the hypothesis that this variability would lead to differences in the relative role of detritivores and microorganisms in the breakdown process. We also tested the hypotheses that variability in litter breakdown rates changes with litter type (native litter mixtures vs nonnative alder [Alnus glutinosa]) and is higher across regions within than outside the tropics. We found that litter breakdown rates were highly variable across sites, with no consistent pattern within geographic areas, although litter consumption by detritivores was negligible at several sites, all in America. Geographic patterns of litter breakdown also varied between litter types, with higher breakdown rates for alder than for native litter in most but not all regions. When litter breakdown rates at the tropical sites were compared to previously reported values from temperate and boreal regions, we found that differences in variability between tropical and temperate sites were inconsistent, with great differences among studies. Further global-scale studies will be needed to assess the extent to which latitudinal changes in the diversity and composition of microbial and detritivore assemblages contribute to variability in litter breakdown rates. Key words: decomposition, shredders, microorganisms, tropical streams, variability
Many forested headwater streams are heterotrophic ecosystems in which inputs of plant litter from the surrounding forest are a major source of energy Benfield 1986, Tank et al. 2010) . Detrital inputs generally exceed within-stream primary production (Webster et al. 2006 ) because light is limited by riparian shading (Hill et al. 1995 , Julian et al. 2011 . Leaf litter entering the stream is transformed by a combination of biotic and abiotic processes, including the leaching of soluble leaf constituents, physical fragmentation, decomposition by fungi and bacteria, and consumption primarily by leaf-shredding detritivorous invertebrates (Gessner et al. 1999 , Tank et al. 2010 . These invertebrates are a major link between terrestrial litter and the aquatic food web because they consume leaf litter and their feeding activity accelerates the production of fine particulate organic matter, which is the main food source of other detritivores, such as gatherer-collectors and filter-feeders (Cummins and Klug 1979) .
These processes have been extensively described for temperate and boreal forested streams, which often have dense populations of leaf-shredding detritivores (hereafter detritivores) that significantly contribute to litter breakdown. In contrast, although some tropical streams around the world support abundant detritivores, many others do not ). Two decades ago, Irons et al. (1994) examined patterns of litter breakdown at 1 tropical, 1 temperate, and 1 boreal stream across a latitudinal gradient from Central America to Alaska, and suggested that leaf-shredding detritivores were scarcer and barely contributed to litter breakdown at the tropical site. Later reports of detritivore numbers in other tropical regions supported this observation (e.g., Dudgeon and Wu 1999, Dobson et al. 2002) , whereas others did not (e.g., Cheshire et al. 2005 , Camacho et al. 2009 , Yule et al. 2009 ). Authors of a subsequent study across multiple sites on all continents concluded that the abundance and diversity of detritivores tended to increase with latitude (Boyero et al. 2012b ) but that variability of detritivore numbers was higher within than outside the tropics (Boyero et al. 2011a) .
To better elucidate this question, we explored the degree of variability in rates of litter breakdown across tropical streams by testing the following hypotheses: 1) the relative contribution of detritivores and microorganisms to litter breakdown varies greatly across tropical sites and geographic areas, 2) differences in breakdown of different litter types vary from site to site, and 3) variability in litter breakdown rates is higher across tropical sites than across sites outside the tropics. To this end, we first extended the data set of the previous global study (Boyero et al. 2011b) by complementing the data from a standard litter type (i.e., leaves of black alder, Alnus glutinosa (L.) Gaertn.) with unpublished breakdown rates from litter mixtures of 3 native species measured concurrently at 14 stream sites in Africa (1 site), Asia (3), Australia (1), Central America (3), the Caribbean (2), and South America (4). To assess rates of microbial and total breakdown, we measured mass loss of litter enclosed in fine-and coarse-mesh bags, respectively. Second, we compared variability in breakdown rates within this data set with that reported in 4 published large-scale studies in Europe.
METHODS
Fourteen study sites were established in the tropics (lat 23.5°N-23.5°S) across the globe (Fig. 1, Table 1 ). At each site, we chose a single stream reach draining a forested watershed experiencing little human influence. Mean water temperature ranged from 15.4 to 26.0°C, pH from 5.2 to 8.3, and conductivity from 8 to 380 μS/cm( Table 1) . We conducted the experiment at the season of maximum litter accumulation, which generally was the dry season. At each site, we collected freshly abscised leaves from 3 riparian tree species that were common native sources of litter in the study streams (42 species in total; Table S1), and we used a 4 th tree species, black alder, as a reference in all sites (except in Venezuela). We used alder because it is very widespread and widely used in studies of litter breakdown in temperate and boreal streams of the northern hemisphere (e.g., Woodward et al. 2012 ) and because it is highly palatable to temperate and tropical detritivores (Graça et al. 2001) .
We air-dried leaves, weighed them, and enclosed them in coarse-mesh (10 mm) and fine-mesh (0.5 mm) bags, which we placed in the streams. Each bag contained either alder leaves (∼3 g) or mixtures of leaves of the 3 native species (∼1 g/species). We retrieved 3 bags of each of these 4 types (coarse and fine mesh, alder and native litter) on each of 4 dates: initially before submergence of the litter in the streams to estimate mass loss caused by handling, and in most cases, after 2, 4, and 8 wk. We collected bags with a net (0.5-mm mesh) placed immediately downstream of the bag. We rinsed, oven-dried at 50 to 60°C, and weighed leaves. At each site, we recorded the absolute latitude (degrees from equator), elevation (m asl), water temperature (°C), pH, and conductivity (μS/cm) to assess their influence, if any, on litter breakdown.
We estimated litter breakdown rate (k) for each site and type of bag by linearly regressing ln(proportion of litter dry mass remaining) against thermal sums (degree days), rather than elapsed time in days, to normalize for the direct effect of temperature. Degree days were calculated as time (in d) × the average stream temperature during the experiment, measured with submerged temperature data loggers with the threshold set at 0°C (Boyero et al. 2011b) .
We first compared variability of k values between litter types, separately for coarse-and fine-mesh bags, using the Levene's test of homogeneity of variances. We also compared variability of k values between mesh types, separately for each litter type. We then compared variation in ln(proportion of litter dry mass remaining) between mesh sizes (coarse and fine), litter types (alder and native), Table 1 . Anderson et al. 2008) , which makes no assumptions about data distribution, followed by permutational pairwise tests with 999 permutations. We used one model that grouped sites in 3 geographic areas (Central America, South America, and Australasia; excluding Kenya, which was the only African site), and a 2 nd model that grouped sites in 2 geographic areas (America and Other). Venezuela was excluded from both models because we did not have data for native litter.
We calculated the ratio between k-values in coarseand fine-mesh bags (k c /k f ) separately for alder and native litter at each site and used it as an additional measure to assess the contribution of detritivores to litter breakdown Chauvet 2002, Jinggut et al. 2012) . We calculated the ratio between alder and native k values (k a /k n ), separately for fine-and coarse-mesh bags, to assess the role of local litter types in determining microbial and total breakdown rates at each site. We examined the potential influence of stream elevation and environmental characteristics (temperature, pH, and conductivity) on litter breakdown with multiple regression analyses for each mesh and litter type.
Last, we compared variability in the breakdown rate of Alnus glutinosa litter across our tropical sites with those reported in various large-scale studies of litter breakdown across European regions (Hladyz et al. 2010 , Pozo et al. 2011 , Woodward et al. 2012 or using litter collected in various European regions (Lecerf and Chauvet 2008) . We compared variability between European and tropical regions using k values calculated by regressing litter dry mass remaining against the elapsed time in days (k/d) or against degree days (k/dd), depending on which k values were reported in each study. For consistency with our study, we chose a single stream or observation per region, selected for its low nutrient concentration (Pozo et al. 2011 , Woodward et al. 2012 , its wooded environment (Hladyz et al. 2010) , or randomly for different seasons/ years and with the densest vegetation (Lecerf and Chauvet 2008) . We first quantified variability using the coefficient of variation (100 × standard deviation [SD]/mean) within tropical or temperate zones, but these were single values that could not be compared statistically. Therefore, we used the Levene's test of homogeneity of variances to compare variability between tropical and temperate sites.
RESULTS
In most cases the exponential decay model was a fair approximation of the litter breakdown process over 2 mo, although variation among sites and between alder and native litter was high (Table 2, Figs 2, 3) . Variability of k values was higher for alder than for native litter in coarsemesh bags (F 1,25 = 10.65, p = 0.003), with no differences between litter types for fine-mesh bags (F 1,25 = 1.81, p = 0.19). Variability was higher in coarse-than in fine-mesh bags for alder (F 1,24 = 1.24, p = 0.020) but not for native litter (F 1,26 = 1.20, p = 0.28). Litter breakdown did not vary across geographic areas within the tropics in any model (Table S2) , so we used a simpler model excluding the factor 'geographic' area that we present as main results. Litter breakdown varied with mesh size and litter type and across tropical sites, with most interactions significant ( Table 3) . Breakdown of alder litter was faster than native litter, and it was faster in coarse-than in fine-mesh bags for alder litter, but not for native litter (Figs 2, 3) .
Ratios of k indicated that litter decomposed faster in coarse-than in fine-mesh bags in most streams, but not all (Table 4) . Alder litter lost mass 2 to 5× faster in coarse than in fine-mesh bags in Hong Kong, Queensland, India, Ecuador, Malaysia, Trinidad, and Mexico, results suggesting that detritivores were important breakdown agents at these sites. In contrast, alder leaves in both types of bags lost mass at similar rates in Brazil, Costa Rica, and French Guiana, indicating that the role of detritivores as litter consumers was negligible. Breakdown rates of native litter in fine-vs coarse-mesh bags also differed among sites. Rates were 2 to 4× higher in coarse-than in fine-mesh bags in India, Costa Rica, Trinidad, Kenya, Hong Kong, Puerto Rico, and Malaysia, whereas rates in the 2 types of bags were similar in French Guiana, Brazil, and Panama. The k ratios showed that alder litter generally lost mass faster than native litter in both coarse-and fine-mesh bags (Table 4 ). In coarse-mesh bags, the difference was particularly high (4-9× faster breakdown of alder) in Ecuador, Puerto Rico, Queensland, and Brazil, whereas rates were similar for both types of litter in Panama, and native litter decomposed slightly faster than alder in India and Kenya. In fine-mesh bags, the difference also was substantial (4-9× faster in alder) in Puerto Rico, Costa Rica, Brazil, and Trinidad, whereas rates were similar for both types of litter in Hong Kong and Kenya, and native litter decomposed slightly faster than alder in India, Mexico, and Panama. Breakdown rates of alder and native litter were not correlated, nor were the k c /k f ratios of alder and native litter ( p > 0.18 in all cases).
Multiple regression analyses indicated that stream elevation and the environmental variables were not related to k values (alder litter, coarse mesh: r 2 = 0.14, F 4,7 = 0.29, p = 0.29; alder litter, fine mesh: r 2 = 0.05, F 4,7 = 0.10, p = 0.10; native litter, coarse mesh: r 2 = 0.58, F 4,8 = 2.72, p = 0.11; native litter, fine mesh: r 2 = 0.29, F 4,8 = 0.80, p = 0.56). Variability of alder litter breakdown across tropical streams was higher for k/d (CV = 99% for coarse-mesh and 86% for fine-mesh bags) than for k/dd (CV = 71 and 81%). Variability of k/d in temperate studies ranged from 11 to 73% in coarse-mesh bags and from 28 to 63% in finemesh bags, and variability of k/dd varied from 46 to 61% in coarse-mesh bags and was 82% for fine-mesh bags. These values seemed to imply that variability was higher in the tropics, but results of Levene tests were inconsistent (Fig. 4A, B) . Variability of k/d did not differ between tropical and temperate studies in any case ( p > 0.22 in all cases; both coarse-and fine-mesh bags). Variability of k/dd in our study did not differ from that reported by Woodward et al. (2012) (F 1,21 = 3.03, p = 0.096) but was lower than that reported by Pozo et al. (2011) for coarse-mesh bags (F 1,15 = 4.70, p = 0.047), and was lower than that reported by Woodward et al. (2012) for fine-mesh bags (F 1,21 = 18.84, p = 0.002).
DISCUSSION
Our standardized, temperature-corrected data from comparable near-natural forest streams of different geographic areas showed that litter breakdown rates and the contribution of detritivores to litter breakdown vary greatly within the tropics and between litter types. Litter breakdown was faster and more variable in coarse-than fine-mesh bags, a result indicating that detritivores had a significant role in litter breakdown, but their importance varied from site to site. Moreover, the difference between coarse-and fine-mesh bags and the higher variability in coarse-mesh bags was significant for alder but not for native litter. Most sites had k c /k f ratios > 1, results suggesting that detritivores played a role in litter breakdown, but litter breakdown by detritivores seemed to be negligible at several sites in South or Central America (Brazil, French Guiana, Costa Rica, and Panama).
Alder litter generally broke down faster than native litter in coarse-mesh bags, which could be accessed by invertebrates, and in fine-mesh bags from which macroinvertebrates were absent. This pattern was particularly evident at several American sites, and it suggests that invertebrates or microorganisms were able to exploit alder leaves more effectively than native leaves, indicating greater recalcitrance of the selected native leaves. We found that breakdown rates of alder were more variable than those of native litter in coarse-mesh bags, but we had expected higher variation in recalcitrance of native litter mixtures because the selected riparian species necessarily varied from site to site. This unexpected result may reflect different abilities of detritivores to break down alder at different sites, compared to more similar (and generally lower) abilities to break down native litter, or it may be the result of differences in detritivore colonization of alder litter across sites. At several sites, native leaves were broken down at rates greater than or similar to those measured for alder, suggesting that some native species were more palatable than alder or that detritivores were less able to cope with exotic than with native litter, as has been found for some invertebrate species elsewhere (Boyero et al. 2012a ). However, native litter also broke down faster than alder in fine-mesh bags at some of these sites, so other factors, such as stream characteristics, litter quality, or microbial assemblage composition also might play a role Table 4 . Ratio between litter breakdown rates in coarse-and fine-mesh bags (k c /k f ), indicating the contribution of detritivores to breakdown for each site and type of litter, and ratio between litter breakdown rates in alder and native litter (k a /k n ), indicating the effect of litter type on total and microbial breakdown rates (coarse-and fine-mesh bags, respectively). -indicates data not available.
Study site Bruder et al. 2014) . No differences in breakdown could be attributed to elevation or water-quality characteristics, and other environmental differences are unlikely to play a notable role because we selected sites for their similar characteristics. More detailed information on microbial and detritivore assemblage composition at each site would facilitate further exploration of the potential sources of variation in breakdown of alder vs native litter. Comparison of our data on alder litter breakdown with European data provided no evidence that variability was higher within than outside the tropics. The number and diversity of detritivores are more variable across tropical than across temperate streams (Boyero et al. 2011a ), a pattern suggesting that the role of detritivores in litter breakdown also could be more variable within the tropics. Variability in detritivore numbers (and, potentially, litter breakdown rate) also is high within single tropical areas, as shown in studies in the Colombian Andes Chauvet 2002, Chará-Serna et al. 2012) and Kenya (Dobson et al. 2002 , Masese et al. 2014 ). These results suggest that future investigators should consider the extent of variability of litter breakdown patterns at multiple spatial and temporal scales (see also Royer and Minshall 2003, Tiegs et al. 2009 ), if we are to understand the factors that control this process in tropical streams.
What differences among forested streams might cause high variability in litter breakdown? First, the high species diversity and taxonomic variability of tropical riparian forests and their litter inputs (Benson and Pearson 1993 , Wright 2002 , Bastian et al. 2007 ) might increase variability, but our results show that breakdown of alder was more variable than that of native litter mixtures. Second, fluctuations in flow might produce the apparent variability in litter breakdown, and unpredictably flashy streams, such as many in the tropics (e.g., Pearson 1996, Dudgeon 2000) , might have more spatially and temporally variable detritivore assemblages than streams with more predictable flows, which are more common in temperate and boreal zones (e.g., Giberson and Hall 1988 ; but see Winterbourne et al. 1981) . However, we do not have suitable data on antecedent flows to test this hypothesis, and at least some of the European data challenge this suggestion. We are currently unable to fully explain the high variability in litter breakdown, partly because variability in microbial and detritivore assemblages between and within regions remains insufficiently understood. Despite increasing numbers of case studies and several recent global comparisons (e.g., Boyero et al. 2011b) , more systematic research is needed if we are to develop a general understanding of litter breakdown across geographic regions and develop litterbreakdown models for tropical streams to match those of temperate streams (cf. Woodward et al. 2012 ). 
